The Mash2 gene encodes a basic helix-loop-helix transcription factor, which is highly expressed in diploid trophoblast cells of the postimplantation mouse embryo and is required for development of the spongiotrophoblast in order to form a functional placenta. Genomic imprinting of Mash2 has been previously reported; transcriptional inactivation of the paternal wild-type allele in heterozygotes carrying a maternal null allele results in a null-equivalent embryonic lethal phenotype. In order to study the Mash2 imprinting mechanism, we have created a new allele at this locus carrying a targeted insertion of an IRES (internal ribosome entry site)-lacZ cassette within the 3 H untranslated region of the gene (referred to as``Mash2-lacZ''). This new allele has made it feasible to monitor paternal Mash2 expression in a wild-type-equivalent background. Our data suggest that parental origin-speci®c expression of Mash2 begins in the early postimplantation conceptus (5.5 dpc) at the time when trophoblast-speci®c expression is observed. We also show that the paternal allele is continuously repressed up to 9.5 dpc in the developing ectoplacental cone (EPC) and early chorio-allantoic placenta, with some cells escaping paternal repression. When maternally inherited, lacZ expression from this allele re¯ects the expression pattern of endogenous Mash2 transcripts up to 8.5 dpc. Furthermore, we have addressed the question of a requirement for DNA methylation for the Mash2 imprinting mechanism by crossing our Mash2-lacZ mice with mice mutant for Dnmt1 (DNA-methyltransferase1). Our results show a partial loss of transcriptional repression of the paternal allele in Dnmt1 de®cient background. Interestingly, however, this is not suf®cient to eliminate the highly biased parental allele-speci®c expression of Mash2. Thus, the preferential maternal expression of the gene is still maintained in Dnmt1 null mutant embryos, although methylation analyses demonstrate that the Mash2 locus is highly demethylated in Dnmt1 null mutant embryos. The locus is also highly demythyled in wild-type EPCs. Our results suggest the possibility that a mechanism other than DNA methylation, such as allele-speci®c chromatin conformation, may be involved in maintenance of parental origin-speci®c expression of Mash2. q
Introduction
Mash2 (Johnson et al., 1990; Guillemot et al., 1994) , one of the mammalian homologues of the Drosophila achaetescute genes, encodes a basic helix-loop-helix transcription factor (Villares and Cabrera, 1987; Ghysen and DamblyChaudiere, 1988; Campuzano and Modolell, 1992) . It is highly expressed in diploid trophoblast cells of the postimplantation mouse embryo but only transiently expressed at low levels in the embryo proper (Guillemot et al., 1994) . Targeted mutagenesis and chimeric analyses have revealed that loss of Mash2 function results in embryonic lethality around 10.5 days post-coitum (dpc) due to placental failure associated with a cell autonomous defect in the development of the spongiotrophoblast cells (Guillemot et al., 1994; Tanaka et al., 1997) .
The genomic imprinting of Mash2 characterized by transcriptional inactivation of the paternal allele was ®rst revealed by the embryonic lethal heterozygous phenotype Mechanisms of Development 87 (1999) 129±142 observed in embryos carrying a maternal null allele (Guillemot et al., 1995) . Additionally, Mash2 has been mapped to mouse distal chromosome 7 (Guillemot et al., 1995) , where other imprinted genes have been identi®ed (Bartolomei et al., 1991; Ferguson-Smith et al., 1991; Giddings et al., 1994; Guillemot et al., 1995; Hatada and Mukai, 1995; Gould and Pfeifer, 1998 ), a region that shows conserved synteny with human chromosome 11p15.5, where the Beckwith-Wiedemann syndrome (BWS) has been mapped (Henry et al., 1989; Ping et al., 1989) .
In order to understand its imprinting mechanism and to study the precise spatio-temporal expression pattern of Mash2 in a parental origin-speci®c manner, we have created a new allele carrying a targeted insertion of an internal ribosome entry site (IRES)-lacZ cassette (Jang et al., 1988; Takeuchi et al., 1995) within the 3 H untranslated region located in the non-coding third exon of the gene (referred to as``Mash2-lacZ''). We have previously shown that the paternal wild-type allele of Mash2 becomes transcriptionally repressed in mutant heterozygotes carrying the maternal null allele (Guillemot et al., 1995) . It has been hypothesized that the paternal allele may behave differently in a wild-type-equivalent background if paternal expression is maintained by an autoregulatory loop as for other bHLH factors (Martinez and Modolell, 1991) . Here we have addressed this possibility since our new Mash2-lacZ allele has allowed us to monitor paternal Mash2 expression in a wild-type-equivalent background. When maternally inherited, the lacZ expression from the Mash2-lacZ allele re¯ects the expression pattern of endogenous Mash2 transcripts up to 8.5 dpc.
CpG methylation of genomic DNA is developmentally regulated and plays a role in genomic imprinting and Xchromosome inactivation in mammals (Jaenisch et al., 1995; Jaenisch, 1997) . So far, several DNA methyltransferases have been cloned in mice (Bestor, 1988; Okano et al., 1998; Yoder and Bestor, 1998) . Of these, Dnmt1 is the one shown to possess methyltransferase activity and it appears to be required for maintaining genome-wide methylation during postimplantation development, since Dnmt1-de®cient embryos die after gastrulation exhibiting severe genome-wide demethylation (Li et al., 1992; Lei et al., 1996) . This genome-wide demethylation consequently results in loss of parental origin-speci®c expression of some imprinted genes, suggesting a direct or indirect requirement for DNA methylation in the mono-allelic expression of imprinted genes (Li et al., 1993; Beard et al., 1995) . However, a recent publication (Caspary et al., 1998) suggested that Mash2 is an exception and remains imprinted in a methyltransferase de®cient background. We have also addressed the question of a requirement for DNA methylation in the Mash2 imprinting mechanism by breeding the Mash2-lacZ allele on a Dnmt1 null mutant (Dnmt s ) background (Li et al., 1992; Lei et al., 1996) . Interestingly, our results suggest that the imprinting of the paternal Mash2 allele was relaxed but only partially. The global imprinting of this gene was resistant to genome-wide demethylation. Taken together with methylation analyses, our results suggest that mechanisms other than DNA methylation may play a role in maintaining parental origin-speci®c expression of Mash2.
Results
2.1. Characterization of lacZ expression from the Mash2 null allele and a subsequent production of a lacZ knock-in allele
The original Mash2 targeted null mutation replaced almost the entire coding region of exon2 with an in-frame lacZ gene followed by a PGK-neo-poly(A) cassette (Guillemot et al., 1994) . In the original characterization of this null allele (Guillemot et al., 1994) and of the imprinting of Mash2 (Guillemot et al., 1995) , lacZ expression was not analyzed. Here we compared the endogenous gene expression determined by RNA in situ hybridization and the lacZ expression of the original targeted allele. Interestingly, besides the placental expression of lacZ, ectopic expression was observed in the embryo proper ( Fig. 1) , which indicated that the targeted alteration changed the speci®city of Mash2 expression. Therefore, we had some reservations about using lacZ expression from this allele as a reporter for expression of the maternal and paternal alleles of Mash2. We decided to insert the lacZ reporter again, by targeting the gene after the translation stop and leaving all the genomic region of Mash2 in the targeted allele.
A careful analysis of the 3 H untranslated region of the mRNA and an extensive study of the genomic structure of Mash2 revealed a novel 3 H untranslated exon (exon 3). The existence of exon 3 was further con®rmed by RT-PCR from RNA derived from EPCs (Tanaka and Nagy, unpublished) . This novel 3 H untranslated exon seemed to be ideal for a targeted insertion of an internal ribosome entry site (IRES) (Jang et al., 1988) followed by a lacZ coding region, SV40 polyadenylation signal (pA), and loxP-¯anked neo expression cassette. This targeted allele was designated as the Mash2-lacZ neo allele ( Fig. 2A) . It was designed to result in a minimal disturbance of the gene structure, after the removal of the neo R cassette by a Cre recombinasemediated excision producing in the Mash2-lacZ allele. After electroporation of R1 ES cells, 24 out of 168 drugresistant clones were correctly targeted as determined by genomic Southern analysis (Fig. 2B) . The 3 H external probe (probe A) revealed an 8 kb fragment from the targeted allele and a 21 kb fragment from the wild-type allele (Fig.  2B, left panel) . To demonstrate that proper homologous recombination occurred in the 5 H arm as well, the 5 H internal probe (probe B) revealed a 20 kb fragment from the targeted allele (Fig. 2B, right panel) . Two independent clones were aggregated with CD-1 morulae as described Wood et al., 1993) and the resulting male chimeras were mated with CD-1 and 129/Sv-CP females to produce heterozygous F1 animals. These animals were genotyped by checking the presence of the neo R gene by PCR (data not shown). The Cre-mediated in vivo excision was performed by crossing the Mash2-lacZ neo mouse line with our deletor Cre transgenic line .The resulting Mash2-lacZ allele was obtained with approximately 65% ef®ciency (data not shown) and was used for further analyses.
2.2. Parental origin-speci®c lacZ expression in early postimplantation embryos at 5.5 dpc In contrast to the original lacZ``knock-in'' allele (Fig.  1A) , lacZ staining of heterozygous embryos carrying the maternally inherited Mash2-lacZ allele showed no ectopic expression (compare embryos in Figs. 1E and 3F ). The Mash2-lacZ allele was then used to study the onset of maternal or paternal lacZ expression at earlier stages to determine the timing for establishment of tissue and parental originspeci®c expression (Fig. 3) . Zygotic lacZ expression was detectable as early as 5.5 dpc in a parental origin-dependent manner (Fig. 3A,G) . Paternal lacZ expression appeared to be ubiquitous and less intense in the EPC (Fig. 3G ) compared to maternal lacZ expression which was stronger and more speci®c to the cells in the EPC located adjacent to the embryo proper (Fig. 3A) .
2.3. Parental origin-speci®c lacZ expression from the Mash2-lacZ allele in the developing EPC and early chorioallantoic placenta lacZ expression was also examined at 6.5, 7.5, 8.5, 9.0 and 9.5 dpc in order to study parental origin-dependent expression patterns in the developing EPC and early chorio-allantoic placenta. Maternal lacZ expression at 6.5 to 8.5 dpc in developing EPC (Figs. 3A±D and 4A±C) , extraembryonic ectoderm (ex) (Figs. 3B and 4A), chorion (ch) (Figs. 3C,D and 4B,C) and early chorio-allantoic placenta (Fig. 3E ) was consistent with endogenous expression of Mash2 transcripts (Guillemot et al., 1995; (Fig. 1B,C) . It appeared that the paternal expression was signi®cantly restricted to a small number of cells in the EPC at all stages examined compared to the maternal lacZ expression (Figs. 3G±L and 4D±F ). Paternal lacZ positive cells could be observed up to 9.5 dpc. (Fig. 3L ) though with signi®cant restriction compared to the results from the whole-mount RNA in situ (Fig. 1D ) and section in situ hybridization for endogenous Mash2 transcripts in wildtype embryos (Guillemot et al., 1994 (Guillemot et al., , 1995 Rossant et al., 1998) . By 10.5 dpc, we were unable to detect any paternal lacZ-positive cells in placentae (data not shown). Therefore, our earlier observation that the paternal allele is repressed in the absence of a functional maternal allele also holds for (Guillemot et al., 1994) 
including the recently identi®ed 3
H untranslated exon (Exon 3). Whole mount RNA in situ hybridization for Mash2 expression in wild-type embryos at 8.5, 9.0 and 9.5 dpc (B±D, respectively) and lacZ expression from the maternally transmitted Mash2 targeted allele at 9.5 dpc (E). EPC, ectoplacental cone; sp, spongiotrophoblast.
normal embryos, where the maternal allele is functional. The repression of the paternal allele is detectable as early as 5.5 dpc. Some cells, however, escape paternal repression up to 9.5 dpc.
lacZ insertion into the 3
H untranslated exon of Mash2 resulted in a hypomorphic allele Even though the Mash2-lacZ allele was designed to produce a bicistronic transcript allowing the translation of both Mash2 and b -galactosidase proteins, embryonic lethality was observed upon maternal transmission of the allele at 10.5 dpc. The embryos exhibited a placental defect similar to the Mash2 null mutant phenotype (Guillemot et al., 1994) , characterized by a reduction of the spongiotrophoblast cells (Fig. 5D ). Paternal inheritance, however, showed no defect (data not shown). To assess whether there was any functional Mash2 protein translated from the Mash2-lacZ allele, expression of a spongiotrophoblast marker, 4311 (Calzonetti et al., 1995; Lescisin et al., 1988) , was examined, since it appears to be downstream of Mash2 expression (Guillemot et al., 1994) . In the mutant placentae carrying the maternal Mash2-lacZ allele at 10.0 dpc, there were some lacZ expressing cells (Fig. 5C ) in the putative spongiotrophoblast layer which were positive for 4311 antibody staining (Fig. 5D ). In contrast, the lacZ positive cells in the mutant placentae carrying the maternal null allele described previously (Guillemot et al., 1994) were fewer in number and did not express 4311 (data not shown). These results suggest the Mash2-lacZ allele is hypomorphic rather than a functional null. Semi-quantitative RT-PCR experiments suggest that the level of bicistronic transcripts produced by the Mash2-lacZ allele was reduced at 8.5 dpc compared to the wild-type Mash2 message (data not shown). Thus it seemed that a partial loss of Mash2 protein from the maternal Mash2-lacZ allele caused the hypomorphic phenotype, although the mechanism involved is unknown. The latest stage, where no histological defect could be observed was 8.5 dpc. A reduction in the maternal lacZ positive cells was apparent at 9.0 dpc, therefore we did not proceed beyond this time point in characterizing the maternal allele expression. On the other hand, we were able to follow the paternal lacZ expression in the wild-type-equivalent background beyond this stage, since paternal inheritance had no effect on the phenotype.
The effect of genome-wide demethylation on Mash2 expression
The Mash2-lacZ allele was also used to investigate the effect of genome-wide demethylation on the imprinting of Mash2 by following lacZ expression in DNA-methyltransferase1 (Dnmt1) mutant embryos (Li et al., 1992; Lei et al., 1996) . Embryos homozygous for the null Dnmt s allele (referred to as s/s) lack maintenance DNA-methyltransferase activity and show substantial genome-wide demethylation, that results in growth arrest in the embryo proper around the 8-somite stage and lethality just after 9.5 dpc . However, the development of the EPC in these mutant embryos has not been well characterized. Therefore, we examined the EPC of s/s mutant embryos at 8.5 dpc through Mash2 expression and histological analysis ( Fig. 6F and 6C ,D, respectively). We found that the EPC of s/s embryos develops relatively normally at this stage in contrast to the developmental delay observed in the embryo proper. No apparent histological defect was noted in the mutant EPC except a lack of chorio-allantoic fusion and¯at-tened shape of the chorion (Fig. 6D) . Whole-mount and section in situ hybridization of the s/s mutant embryos at this stage showed that Mash2 transcripts were present in the EPC of mutant embryos in a proper tissue-speci®c manner and were seen at approximately the same level as detected in wild-type embryos (Fig. 6F,C) . Fig. 3 . Parental origin-speci®c expression of Mash2-lacZ in postimplantation embryos. lacZ-stained embryos carrying either a maternal (A±F) or paternal (G± L) Mash2-lacZ allele at 5.5 dpc. (A, G), 6.5 dpc (B, H), 7.5 dpc (C, I), 8.5 dpc (D, J), 9.0 dpc (E, K) and 9.5 dpc (F,L). Parental origin-speci®c lacZ expression is detected in the EPC as early as 5.5 dpc (A, G) with intense and region-speci®c maternal expression in a proximal part of the EPC (A, arrow) and weak and homogeneous paternal expression in the EPC (G). Maternal lacZ expression at 5.5 to 8.5 dpc is consistent with endogenous expression of Mash2 (Guillemot et al., 1994; Rossant et al., 1998) (Fig. 1B,C) , while the number of lacZ positive cells in the spongiotrophoblast layer at 9.0 dpc is reduced because of the hypomorphic phenotype (E). Paternal lacZ expression is highly restricted to a small number of cells in the developing EPC at 6.5 to 8.5 dpc (H±J) and early chorio-allantoic placenta at 9.0 dpc (K) (indicated by arrows). EPC, ectoplacental cone; ex, extraembryonic ectoderm; ch, chorion. Scale bar, 100 mm (A, G), 150 mm (B, H), 500 mm (C, I), 1 mm (D, E, F, J, K and L).
Our results showed that lacZ expression from the maternal Mash2-lacZ allele does not seem to be affected in the 8.5 dpc Dnmt1 s/s embryos (Fig. 6G) . When lacZ expression from the paternal Mash2-lacZ allele was analyzed, we found that the number of lacZ positive cells was signi®cantly increased as compared to the paternal lacZ expression found in wild-type embryos (Fig. 6M) , however, it still fell far below the maternal expression. In addition to the above Dnmt1 s/s embryos, we also studied Dnmt1 n homozygous (n/n) embryos. This allele is a partial loss-of-function, such that the n/n embryos die at the 25-somite stage with their genomic DNA methylated to about 30% of wild-type levels (Li et al., 1992) . A positive correlation was observed between the number of cells with paternal Mash2 expression in the placenta at 8.5 dpc and the level of genome-wide demethylation established by wt, n/n and s/s embryos (Fig. 6M ).
Genomic characterization of the Mash2 gene and its environment
To search for a possible mechanism that underlies the behaviour of the Mash2 gene in a methylation-de®cient background, we sequenced a 16.5 kb genomic region spanning the gene (GenBank accession number: AF139595). We identi®ed three repeat regions of unknown function, a few kilobases upstream of Mash2 (Fig. 7A) . There is only one major CpG island in the entire sequenced region, which covers the Mash2 gene itself (Fig. 8) . Several probes have been used in search of possible methylation-sensitive restriction sites that remain methylated even in the methylation de®cient background, which could explain the imprinted expression of Mash2 even in the Dnmt mutant background. No such site has been identi®ed (Fig. 7A±D , and not shown). Interestingly, hypomethylation is observed in the CpG(s) monitored in the placenta, even in the wildtype background (Fig. 7B±D) . However, since this study is limited to approximately a dozen potential CpG(s), we cannot rule out the existence of CpG(s) that are differen- Fig. 4 . Histological analysis of parental origin-dependent lacZ expression. Paraf®n sections of lacZ-stained embryos shown in Fig. 3 (B±D, H±J) . Maternal lacZ expression is speci®c to trophoblast cells in the EPC and extraembryonic ectoderm (ex) at 6.5 dpc (A) and in the EPC and chorion (ch) at 7.5 and 8.5 dpc (B, C). In contrast, paternal lacZ expression (F, indicated by an arrow) is restricted to the external region of the developing EPC (also seen in Fig. 3H±L ).). EPC, ectoplacental cone; ex, extraembryonic ectoderm; ch, chorion; gi, giant cell layer. Scale bar, 150 mm (A, D), 500 mm (B, C, E and F).
tially methylated and responsible for marking the parental origin.
Discussion
In this study we have further characterized the imprinted nature of the mouse Mash2 gene. The characterization of the allele-speci®c expression of imprinted genes is not an easy task. It requires a polymorphism in the transcribed region between the maternal and paternal alleles and nucleic acid techniques for detection and quantitation of this polymorphism among the transcripts (Szabo and Mann, 1995; Caspary et al., 1998) . Most of the time, interspeci®c hybrids have been the only choice for such studies. A knock-in allele provides an excellent tool to follow allele speci®c expression of this gene at the cell level by simple lacZ staining. For Mash2, we have generated two lacZ knock-in alleles. The comparison of the lacZ expression of the two different alleles of revealed that the one in which a coding exon is replaced by a lacZ and a neo R expression cassette (Guillemot et al., 1994) acquired some ectopic expression. It is not clear whether the ectopic expression was due to the removal of exon 2 or the insertion of the lacZ-neo cassette, which contained a PGK promoter driving the neo R . Insertion of an IRES-lacZ into an untranslated exon (exon 3) and the removal of the neo R cassette resulted in b -galactosidase activity that truly re¯ected the endogenous Mash2 expression, as detected by in situ hybridization.
Interestingly, however, the insertion of an IRES-lacZ into exon 3 resulted in a hypomorphic expression of Mash2 and, as a consequence, in midgestational lethality with a similar phenotype to that observed with the null mutation. This restricted us in this study to the embryonic stages when no phenotype was detected. We then speculated on what could be behind the down regulation of this allele. It is unlikely that the actual IRES-lacZ DNA sequence is responsible, since prior to learning about the existence of intron 2 and exon 3 we inserted the IRES-lacZ into intron 2 (Tanaka and Nagy, unpublished) . This allele was completely wild-type equivalent and no phenotype was observed in homozygous animals. Therefore, we suggest that the hypomorphic behaviour of our exon 3 insertion allele indicates either a disturbed regulatory function of this untranslated exon or translation interference of the IRES sequence. However, we have recently produced a comparable IRES-lacZ knock-in into the 3 H UTR of the VEGF gene. The consequence of this alteration was two to three fold overexpression of VEGF (Miquerol et al., 1999) , arguing against a translational interference of Mash2 by the IRES sequence. The hypomorphic nature of the IRES-lacZ allele was supported by the detection of the spongiotrophoblast speci®c expression of the 4311 gene, which seemed to be downstream of Mash2 and its expression was not being detected with the original null allele. In addition, at 9.5 dpc no paternal Mash2 expressing cells remained in the placenta of the embryos with the null allele, judged by RNA in situ hybridization and lacZ staining for the paternal allele. With the hypomorphic allele the complete elimination of Mash2 expressing cells was observed by lacZ staining a day later, at 10.5 dpc. However, it is dif®cult to draw any strong conclusion on the Mash2 regulation of the paternal allele from this comparison since the two lacZ knock-in alleles are different in several ways, for example the null allele still contains the neo gene. Also, the two alleles express lacZ at different levels.
The parental origin-dependent expression of Mash2 appears early in postimplantation embryos at 5.5 dpc, as judged by following lacZ expression. Although we could not detect lacZ expression in the preimplantation embryos, the results from RT-PCR suggest that Mash2 transcripts were present with less abundance and were biallelicly expressed in the blastocyst at 3.5 dpc . Taken together, these data suggest that the Mash2 expression exhibits tissue-speci®city after implantation, coincident with the establishment of parental origin-speci®c expression of the gene. Thus it would be interesting to investigate whether the regulatory mechanism for cell type-speci®city and imprinting are closely linked to each other or are separable.
The original observation suggesting that Mash2 is paternally repressed was made on heterozygous embryos carrying a maternal null-allele (Guillemot et al., 1995) . It was essential to demonstrate that the repression of the paternal allele held also for normal embryos, where the maternal allele was functional. After implantation, we observed signi®cant transcriptional repression of the paternal Mash2-lacZ allele during the normal development of the EPC, con®rming our previous observation (Guillemot et al., 1995) . In addition, our results indicate that the repression of the paternal allele is maintained in early chorio- at 8.5 dpc shows that Mash2 is expressed in the EPC of Dnmt1 s/s embryos (F) with the same tissue-speci®city and approximately at the same level as in wild-type embryos (E). The experimental procedure for (E) and (F) were carried out in the same reaction tube. LacZ expression in s/s embryos carrying the paternal Mash2-lacZ allele is signi®cantly restricted (H, arrows) compared to that in s/s embryos carrying the maternal Mash2-lacZ allele (G). Interestingly, however, the number of lacZ-positive cells in the s/s placentae is signi®cantly increased as compared to those in wild-type Dnmt1 background, upon paternal inheritance of the Mash2-lacZ allele (M). Embryos homozygous for a hypomorphic Dnmt1 allele (Li et al., 1992) showed an intermediate value between the wild-type and s/s values (M). The black lines on the bars show the standard errors where the sample sizes were s/s, n 15; n/n, n 5; wt, n 85. Scale bar, 1 mm (E±H), 500 mm (I±L). . HpaII, CfoI and MluI sites located in the region indicated by striped boxes are shown to be fully demethylated in Dnmt1 s/s embryos and fully or partially demethylated in the EPC of wild-type embryos (B±D, data not shown). (B and C) Southern blot analyses of genomic DNA prepared from the EPC and embryo proper of wild-type or Dnmt1 s/s embryos at 8.5 dpc. The results obtained with Probe 1 were very similar to the results with Probe 2, therefore this data is not shown. (B) Genomic DNA samples were digested with HindIII in combination with methylation-sensitive enzymes CfoI (C) and HpaII (Hp), or MspI (Ms) and hybridized to probe 2. The 1.3 kb fragments show that the CfoI site marked by an asterisk is demethylated in all samples. The 1.5 kb HindIII fragments are digested into small fragments by HpaII digestion of wild-type EPC and Dnmt1 s/s samples. (C) Genomic DNA samples were digested with EcoRV in combination with CfoI (C), HpaII (Hp) and MspI (Ms) and hybridized to probe 4. The 1.8 kb fragments show that the CfoI site marked by an asterisk is demethylated in all samples. The 1.4 kb fragments show that the HpaII site marked by an asterisk is demethylated in Dnmt1 s/s and wild-type EPC samples. The 1.6 and 2.0 kb fragments suggest partial demethylation of HpaII sites. (D) Methylation analysis using RFLP between wild-type Mash2 allele and the Mash2-lacZ allele. Genomic DNA samples were prepared from the EPC and embryo proper of wild-type, 1 mat /Mash2-lacZ pat and Mash2-lacZ mat /1 pat embryos at 9.5 dpc The exogeneous sequence in the Mash2-LacZ allele is shown as an open box. Genomic DNA samples were digested with EcoRV in combination with methylation-sensitive restriction enzyme MluI (M) and hybridized to Probe 3. The 3.1 kb fragments show that the MluI site marked by an asterisk is demethyated in all samples independent of its parental origin. allantoic placenta with the exception of a small number of cells. The transcriptional activity of the paternal allele, however, appears to be completely repressed by 10.5 dpc since we could not detect paternal lacZ positive cells at that stage. Taken together with our previous ®ndings, these results indicate that the paternal Mash2 allele is transcriptionally repressed during the development of the EPC and early chorio-allantoic placenta, regardless of the state of the maternal allele, suggesting that an autoregulatory mechanism is not involved in the control of the paternal expression.
It has been suggested that DNA methylation functions as an allele-speci®c modi®cation of imprinted genes during development, as well as a primary imprint established during gametogenesis (Bartolomei et al., 1993; FergusonSmith et al., 1993; Stoger et al., 1993; Razin and Cedar, 1994; Sutcliffe et al., 1994; Tremblay et al., 1995 Tremblay et al., , 1997 Tucker et al., 1996; Shemer et al., 1997; Obata et al., 1998) . The observations that strongly indicated the involvement of DNA methylation in genomic imprinting were that the monoallelic expression of some genes is lost in the Dnmt1 mutant embryos (Li et al., 1993; Beard et al., 1995; Caspary et al., 1998) . Interestingly, the level of genome-wide demethylation caused by combinations of the Dnmt s (s) allele and Dnmt n (n) allele encoding a null and a partial loss of function allele respectively (Li et al., 1992; Lei et al., 1996) showed different effects on the expression of imprinted genes (Li et al., 1993; Beard et al., 1995) . The Igf2r gene appeared to be quantitatively less sensitive to genomic demethylation than H19 and Igf2 since its imprinting is not affected in n/n embryos (Li et al., 1993) . The same observation has been reported for the Xist gene as its imprinting was partially affected in the s/n embryos (Beard et al., 1995) . Despite the high resistance to genomic demethylation, both Igf2r and Xist showed a loss of imprinting in the s/s embryos which represent the most severe reduction in the overall level of DNA methyla- (Kusuda et al., 1990) . Distributions of CfoI (GCGC) and HpaII (CCGG) sites are shown with distribution of GGCC tetranucleotide as a control. CpG islands were surveyed with the CpG View program (http://www.nih.go.jp/yoken/genebank/tool.html (Kusuda et al., 1990) ). tion in the genome (Li et al., 1993; Beard et al., 1995) . The complete Dnmt1 de®ciency (homozygous for the s allele) also had different effects on the expression of imprinted genes (Caspary et al., 1998) , such as p57 KIP2 and Kvlqt1. The former gene was activated while the latter was biallelically silenced in embryos lacking Dnmt1. Mash2 imprinting appeared to be unaffected, as measured by an RT-PCR assay in this study (Caspary et al., 1998) . Using the Mash2-lacZ allele, our study at the cell level partially agreed with this observation. We were able to establish that DNA demethylation results in a partial loss of paternal repression in the diploid trophoblast cells in Dnmt1 mutant (s/s and n/n) embryos. The number of paternally expressing cells was increased, but the increase was not suf®cient to eliminate the severely biased expression of the parental alleles due to the genomic imprinting. Therefore the imprinted regulation of Mash2 was still maintained in the methyltransferase de®-cient background. The maternal lacZ expression level in Dnmt1 mutant embryos appeared to be equivalent to that in wild-type embryos for Dnmt1, consistent with our wholemount in situ hybridization data for Mash2 transcripts.
The question still remains as to whether Mash2 imprinting is resistant to genome-wide demethylation in such a way that methylated sites persist thereby regulating Mash2 gene expression in Dnmt1 mutants, or whether the Mash2 gene is totally devoid of methylation. Our analysis of the genomic structure of the mouse and human genes revealed that the genes are associated with CpG rich regions. Thus we have carried out methylation analyses of Mash2 and its¯anking genomic sequences in order to ®nd whether any persistent methylated site remained in Dnmt1 mutant embryos. We found no trace of DNA methylation using probes spanning 16.5 kb around the gene. This suggests that genomic imprinting of Mash2 is maintained in Dnmt1 mutant embryos at extremely low levels of DNA methylation, suggesting that DNA methylation may not be essential for either limiting the transcriptional activity of the paternal allele or maintaining the maternal allele transcriptionally active. Alternatively, it is possible that sequences outside of the 16.5 kb region we have analyzed are methylated in Dnmt1 mutants and responsible for the Mash2 imprinting mechanism. However, such resistant methylated regions in Dnmt1 mutant embryos have not been identi®ed with other imprinted genes. In this case the involvement of other methyltransferases, possibly speci®c to the extraembryonic tissues, must be considered.
The hypothesis that DNA methylation is dispensable for maintenance of the Mash2 imprinting is interesting when taken together with the fact that the methylation level in the extraembryonic tissues is substantially lower than that of the embryo proper during postimplantation development (Chapman et al., 1984; Rossant et al., 1986; Monk et al., 1987) . In fact, our methylation analyses have demonstrated that the endogenous Mash2 gene is signi®cantly demethylated in the EPC compared to the embryo proper in wild-type embryos.
It seems that unlike other imprinted genes studied (Li et al., 1993; Beard et al., 1995; Shemer et al., 1997) , the Mash2 gene may not require DNA methylation for maintaining parental origin-speci®c expression. Allele-speci®c chromatin conformation in trophoblast cell lineages could be one such mechanism whereby the repetitive sequences located in the 5 H¯a nking region of the gene might be involved. Further characterization of the genomic structure of both human and mouse Mash2 genes will be informative in revealing a possible evolutionarily conserved mechanism for Mash2 imprinting, given that human Achaete-scute homologue (ASCL2, HASH2) is expressed in trophoblast and also appears to be imprinted (Alders et al., 1997) .
Experimental procedure

Construction of the targeting vector
A targeting vector for Mash2 was constructed using 129/ Sv genomic DNA by inserting an IRES-lacZ cassette (Jang et al., 1988; Takeuchi et al., 1995) and PGK-neo cassettē anked by loxP sites into the XbaI site in the non-coding Exon 3 ( Fig. 2A) , with 3.4 kb and 2.2 kb of homology 5
H and 3 H of the insertion, respectively ( Fig. 2A) . The IRES-lacZ and PGK-neo cassettes contain poly (A) addition signals of SV40 and PGK-1, respectively. The linearized construct was electroporated into R1 ES cells .
Derivation of mice carrying the Mash2-lacZ neo allele
After electroporation, G418 resistant ES cell clones were identi®ed, expanded and genomic DNA was analyzed by Southern analysis using probes which detect proper homologous recombination events in the 5 H and 3 H homologous regions (Fig. 2) . Out of 168 G418 resistant clones, 24 correctly targeted clones were identi®ed. Two of the targeted clones (F4 and D2) were aggregated with CD-1 morulae to generate germ-line chimeras (Wood et al., 1993) .
Mice
Germ-line transmitting chimeras were crossed with CD-1 and 129/Sv-CP females so as to establish mouse lines carrying the targeted allele in both outbred and inbred backgrounds. F1 mice were crossed with females of a CMVCre transgenic line ) maintained on a mixed background in order to excise the PGK-neo cassette in vivo. The mouse line originally derived from a targeted ES cell clone (F4) was used for most of the analyses described here, after having con®rmed that the mouse lines derived from two independent targeted ES cell clones (F4 and D2) gave an identical lacZ expression pattern and mutant phenotype (data not shown). Since we observed no differences in the phenotype or lacZ expression patterns between 129/Sv-CP and CD-1 backgrounds before and after Cre-mediated removal of the PGK-neo cassette (data not shown), mice maintained on the CD-1 background were used for the study presented in this paper. Dnmt s (Li et al., 1993; Lei et al., 1996) and Dnmt n (Li et al., 1992 ) mutant mouse lines were also maintained on a CD-1 background. 
